The formation and dynamics of Pt-Si liquid droplets on Si ͑001͒ surfaces are explored with real-time ultraviolet photoelectron emission microscopy. PtSi islands of micrometer lateral diameter begin to melt and are transformed into molten Pt-Si alloy islands below the melting point of bulk PtSi. In particular, at ϳ1100°C surface migration of the liquid microdroplets is observed, where the droplets move directionally from the cold to the hot regions of the surface following the temperature gradient across the substrate. It is proposed that the droplet surface migration is due to dissolution-diffusion-deposition flow of Si through the droplet driven by the Si concentration difference in the droplet. In addition, the migration rate of the droplet is measured as a function of temperature and droplet diameter. Above a minimum diameter, the migration velocity is independent of the droplet size, which indicates that Si diffusivity through the droplet is the primary factor determining the rate of migration. The activation energy for the Si diffusion in the droplet is found to be ϳ0.57 eV. We conclude that the thermal and chemical stability of the droplet-substrate interface significantly affects the evolution and dynamics of the liquid island on the surface.
I. INTRODUCTION
It is well known that thin metal films on Si react to form an equilibrium silicide-Si interface and higher-temperature annealing transforms the thin film into silicide island structures. 1 For some metal-Si (M -Si) systems there is a eutectic at a composition between that of the silicide and Si ͑i.e., Au, Al, Pd, Ni, and Pt͒. For these systems the metallic silicide islands will be in a liquid state at temperatures above the eutectic temperature.
Moreover, M -Si liquid islands on Si surfaces have been employed for the fabrication of self-assembled nanostructures using the vapor-liquid-solid ͑VLS͒ mechanism. [2] [3] [4] For instance, it has been reported that Si nanowires ͑or whiskers͒ can be grown by silane exposure of Au-Si droplets on Si ͑Ref. 3͒. Here, the nanoscale Au-Si droplets act as the transport medium of Si, and the growth occurs at the interface of the liquid drop and the substrate.
The surface and interface stability of liquid M -Si droplets on Si will affect the evolution and dynamics of the droplets. Unlike other solid heterointerfaces, the interface between a M -Si molten island and the Si substrate is affected by chemical equilibrium conditions due to temperature dependence of the Si concentration of the M -Si. Thus, to control the development of the surface morphology, it will be necessary to develop an understanding of the droplet interface stability, droplet formation and evolution mechanisms, and effects that can lead to dynamical interactions.
In this study we explore these aspects for the Pt-Si system. PtSi thin films exhibit both excellent Ohmic as well as Schottky barrier characteristics with p-and n-type silicon, respectively, and thus are used for contact metallization in silicon integrated circuit technology. 5 The reaction of Pt film on Si leads to a stable PtSi compound for annealing at above 600°C ͑Ref. 6͒. Further annealing at above 800°C induces island structures. The eutectic between PtSi and Si is at a composition of ϳ67% Si in which the Pt-Si liquid phase will form at a temperature ϳ980°C ͑Ref. 7͒.
Liquid droplets on a solid surface can be induced to migrate via Brownian motion and/or under external forces, which can be created by gradients in surface tension or concentration. [8] [9] [10] [11] [12] [13] Droplet migration is important in a variety of coalescence processes. The migration of a M -Si liquid droplet on a Si surface is a complex phenomenon because the equilibrium composition of the droplets varies with temperature. From a fundamental point of view, M -Si droplet migration also involves a mass transport mechanism and chemical equilibrium at the liquid-solid interface. 14 -17 Previously, the electromigration and thermomigration of various metallic droplets on Si surfaces have been described in terms of metal diffusion into the Si substrate. 13 However, without in situ, real-time measurements of these complicated processes, the theoretical aspects cannot be developed to consistently explain the observations. In this study, UV photoelectron emission microscopy ͑UV-PEEM͒ is employed to investigate the formation and dynamics of Pt-Si microdroplets. The PEEM technique allows real-time observation and direct imaging during surface processes with exceptional surface sensitivity and high resolution. 18 Previously, real-time PEEM measurements have explored the coarsening of nanoscale TiSi 2 islands on a Si surface at high temperature 19 and the migration of Au liquid droplets on a Si surface. 20 Therefore, PEEM is particularly suited for the measurement of dynamic processes on semiconductor surfaces. In PEEM, the image contrast originates from variation in the photoelectric yield, where the photoelectric threshold affects the image contrast. In metals, the photoelectric threshold is the work function while for semiconductors the threshold is dependent on the electron affinity, the band gap, the band bending, and the doping. 21, 22 In this study, the photothreshold difference of PtSi ͑4.85 eV͒ and Si (Ͼ5.1 eV) is used to obtain image contrast.
Here, we report the stability and dynamics of Pt-Si microdroplets on a Si ͑001͒ surface. It is shown that the molten Pt-Si islands nucleate below the melting point of bulk PtSi. The molten islands are observed to migrate and grow through coalescence. Using PEEM, we monitor the microdroplet migration and droplet-droplet interactions while annealing at temperatures up to ϳ1200°C. The migration rates of the droplets are measured in detail as a function of droplet size and temperature. A model of the driving force for droplet migration is proposed. Our results suggest that Si diffusivity is the primary factor determining the migration rate of the droplets.
II. EXPERIMENTAL DETAILS
The experiments were performed in an UV-PEEM ͑Elm-itec PEEM-III͒ system combined with the ultraviolet Free Electron Laser ͑UV-FEL͒ located at the Duke University Free Electron Laser Laboratory. This system allows realtime, high-resolution (ϳ10 nm) imaging with the sample at elevated temperature (Ͼ1200°C). The base pressure of the PEEM system was below 2ϫ10 Ϫ10 Torr. The electric potential used for accelerating the imaging electrons is approximately 20 kV across a gap of 2 mm.
The incident UV light is obtained from either a 100-W Hg discharge lamp with an upper cutoff energy near 5.0 eV or the tunable spontaneous emission of the UV-FEL with a photon energy of 4.9 eV. The spontaneous radiation of the FEL is pulsed with a repetition rate of 15 MHz and a pulse duration of ϳ300 psec. 23 The average power of the UV light was ϳ200 W, and the corresponding peak power was ϳ2 W. The focused beam was elliptical in shape with a size of ϳ20 mϫ100 m. This corresponds to an average power density of ϳ0.1 W/cm 2 . The capabilities of the PEEM-FEL are described in more detail elsewhere. 18 Silicon ͑001͒ wafers (n type, P doped, resistivity 0.8 -1.2 ⍀ cm, 25 mm diameter͒ were employed as the substrates. The wafers were cleaned first by UV-ozone exposure and then by an HF-based spin etch to remove hydrocarbon contaminants and the native oxide layers. 24 After ex situ cleaning, the wafers were loaded into a UHV-MBE chamber ͑base pressure of 1ϫ10 Ϫ10 Torr). Prior to Pt deposition, the wafers were annealed at a temperature of 900°C for 10 min by filament radiation from the backside. The residual oxide and hydrogen were removed by this heat treatment. Following the annealing, low-energy electron diffraction ͑LEED͒ displayed a 2ϫ1 diffraction pattern characteristic of the Si͑001͒ reconstructed surface, and Auger electron spectroscopy ͑AES͒ data indicated no detectable carbon or oxygen.
Platinum was deposited from an e-gun source onto the clean Si substrate at room temperature, and the thickness was monitored with a quartz crystal monitor. A 10-nm Pt film was deposited at a rate of 0.05 nm/sec. In addition, to observe island migration on Si surfaces without Pt coverage, an array of 10-nm-thick Pt dots of 100-m in diameter with 500-m spacing was deposited through a shadow mask onto a Si ͑001͒ surface.
Sections of the sample (9ϫ9 mm 2 ) were mounted to a sample holder and then introduced into the PEEM chamber. To observe the reaction process of the Pt thin films, the samples were heated by filament radiation (Ͻ800°C) and electron bombardment (Ͼ800°C) from the backside of the sample holder while the surfaces were imaged by PEEM.
The temperature of the samples was controlled by a thermocouple attached to the sample holder. The actual temperature of the surface was measured with a finely focused ͑spot size of 1 mm diameter͒ optical pyrometer.
PEEM images are enhanced with a microchannel plate and displayed on a phosphor screen. The images were observed with a charge-coupled-device ͑CCD͒ camera and stored digitally with an image processor and also captured on videotape. For the data presented, 16 successive images were integrated, where the resulting images correspond to an integrated signal of 16/30 of a second. However, for the droplet velocity measurements, single-frame images ͑corresponding to 1/30 of a second͒ were obtained from the videotape recording. The recorded images were digitized at a rate of one per 15 secs. The rate was limited by digitization rate of the image processor.
After the substrates were unloaded from the PEEM, ex situ atomic force microscopy ͑AFM͒ and scanning tunneling microscopy ͑SEM͒ were performed to compare the surface morphology with the PEEM images. In addition, the composition of the droplets and substrate surface were investigated by micro-Raman spectroscopy with a focused beam diameter of ϳ2 m. Figure 1 represents a series of PEEM images of a 10-nmthick Pt film deposited on a Si͑001͒ during annealing up to 960°C. At 800°C, the initial uniform emission surface ͓Fig. 1͑a͔͒ changed into a surface with unstructured bright features on a darker background ͓Fig. 1͑b͔͒. It is known that the solid-state reaction of Pt films on Si leads to the formation of PtSi at ϳ600°C ͑Ref. 6͒ and that a uniform PtSi layer trans-FIG. 1. PEEM images of a Pt film of 10 nm deposited on Si͑001͒ substrate. The images were obtained at annealing temperatures of ͑a͒ 600°C, ͑b͒ 800°C, and ͑c͒,͑d͒ 960°C, respectively. The sequential images of ͑c͒, ͑d͒ were taken 1 min apart. The incident light is the spontaneous emission radiation from the UV-FEL with a photon energy of 4.9 eV, and the field of view is 10 m.
III. RESULTS AND DISCUSSION

A. Formation of Pt-Si liquid microdroplets
forms into island structures at ϳ800°C. Thus, the bright features correspond to PtSi islands while the darker regions are identified as the exposed Si surface. We can exclude the effect of surface oxidation of the 10-nm Pt film on Pt silicide formation since the oxidation of Pt films suppresses significantly the silicide formation only for films of a few nanometer thicknesses. 25 As the temperature was increased, the islands grew larger through ripening and coalescence with neighboring islands, resulting in well-separated island structures as shown in Fig.  1͑c͒ . However, a significant transition in the shape and lateral size of the islands was observed at ϳ960°C. The islands with an average diameter of ϳ400 nm ͓Fig. 1͑c͔͒ transformed spontaneously into larger islands of ϳ1 m in diameter ͓Fig. 1͑d͔͒. During this process, some of the ϳ400-nm islands disappeared at their positions via apparent island collisions or ripening. Also, the larger ϳ1-m islands exhibited a smoother circumference and surface. The shape of the islands remained constant at higher temperature up to ϳ1150°C. The transition process apparently corresponds to a phase transition of the solid islands into liquid droplets. The ϳm-diameter islands appear to be in the liquid state as may be expected since this temperature is close to the PtSi-Si eutectic temperature (ϳ980°C) ͑Ref. 7͒. This abrupt transition, which occurs in about 1 min in our measurements, indicates that the PtSi islands initiate melting at a temperature near the eutectic temperature. ͑Our temperature uncertainty is Ϯ40°C.)
In a separate experiment the island formation was detected by LEED measurements. In these measurements, the sample was annealed to a specific temperature, cooled to near room temperature and transferred to the LEED chamber. For the initial Pt deposition and for annealing up to 600°C, no LEED was observed. After annealing at ϳ750°C, the LEED showed a mixed c(4ϫ2) and c(4ϫ6) diffraction pattern, which is characteristic of the reconstructed Si ͑001͒ surface induced by a coverage of 1/4 monolayer of Pt ͑Ref. 26͒. The appearance of this LEED pattern indicates the exposure of substrate regions presumably due to the formation of PtSi islands. It also indicates that Pt atoms can diffuse on the Si surface between the islands.
The nucleation of Pt-Si liquid droplets below the melting point of PtSi (ϳ1230°C) can be explained with reference to the Pt-Si binary phase diagram ͑Fig. 2͒ ͑Ref. 7͒. The eutectic between PtSi and Si is at a composition of ϳ67% Si and a temperature of ϳ980°C. Thus the formation of molten Pt-Si at the eutectic temperature requires excess Si to be incorporated into the PtSi islands. We propose that the islands initiate melting from the island-substrate interface where excess Si from the substrate and the PtSi would lead to a Pt-Si liquid droplet with the eutectic composition. Additional Si from the substrate would continue to diffuse into the island until it is completely molten. The Pt-Si droplet is then in thermodynamic equilibrium with the Si substrate.
According to this model, at higher temperatures, the composition of the Pt-Si liquid droplets would follow the liquidus between the eutectic and Si up to the Si melting temperature of ϳ1414°C. This would be accomplished by diffusion of Si into the droplet as the temperature is increased. This diffusion across the interface is necessary to maintain equilibrium with the Si substrate.
To explore this effect, we employed micro-Raman spectroscopy to analyze a relatively large droplet after rapid solidification. A sample was prepared as described above and annealed to 1150°C for several minutes. The sample was then rapidly cooled by shutting off the substrate heating with a cooling rate of ϳ900°C/3 min and removed from vacuum for micro-Raman analysis. The Raman spectrum of an ϳ10-m-diam droplet is displayed in Fig. 3 . The scan exhibits characteristic features at ϳ140 and 520 cm Ϫ1 which are attributed to crystalline PtSi and Si, respectively. 27 The micro-Raman spot size is ϳ2 m, and the light penetration depth in the metallic silicide is expected to be less than 100 nm. For the 2-10-m-diam islands, the height of the islands above the surface is in the range of 190-540 nm, as determined by AFM. Therefore, the scan represents the properties of the island and not the substrate. The Si peak is attributed to excess Si that has segregated from the PtSi during the solidification process. We note that the Raman signal from PtSi is quite weak compared to that of Si. The excess Si originates from the Si dissolved from the substrate to achieve chemical equilibrium, suggesting that the Pt-Si liquid droplet would be a Si-rich Pt-Si alloy.
B. Dynamics of droplet migration
It is evident that the islands are in a liquid state above the eutectic temperature. Figures 4 and 5 present PEEM images of the island dynamics during annealing at 1100°C. Shown in Fig. 4 is a time sequence of PEEM images of the initiation of island migration. When droplets grow larger than ϳ2 m in diameter via coalescence and ripening, some droplets initiate surface migration. As time progresses, the moving islands grow larger through coalescence with stationary smaller islands. The coalescence process is shown in Figs. 5͑a͒ and 5͑b͒, where it is observed that a relatively larger island migrates across the surface while most of the smaller islands remain in place. As the annealing time progresses, the larger island collects stationary islands of ϳ1 m and continues to grow during its traversing of the surface. At a larger field of view ͓Figs. 5͑c͒ and 5͑d͔͒, some of the moving islands are observed to coalesce with neighboring islands and to reshape to form larger circular islands.
The dark stripe left behind a moving island is the trace, which has the emission character of the Si substrate. MicroRaman measurements were obtained from the trace region, and the Raman spectra of the droplet trace ͑Fig. 3͒ showed features at 300 and 520 cm Ϫ1 without the feature at 140 cm Ϫ1 . The features at 520 and 300 cm Ϫ1 are first and second Raman scattering of crystalline Si, respectively. 27 Upon close examination it was found that the droplets migrate essentially parallel to each other and in one direction ͓Figs. 5͑c͒ and 5͑d͔͒. Through ex situ optical microscopy of a rapidly cooled sample, it was found that the droplets migrated from the edge towards the center of the substrate. Our in situ observations were then able to verify this observation.
We considered various effects that could contribute to the observed migration. To exclude effects due to the optical interactions and the electric field of the microscope, we repeated the experiments in the PEEM but without the applied electric field ͑100 kV/cm͒ and without UV-light illumination. The PEEM images obtained after processing exhibited evidence of island migration similar to the real-time PEEM measurements, indicating that the high electric field or the UV light does not affect the island dynamics.
We next explored the effect of temperature. Using an optical pyrometer, the temperature of different areas of the substrate was measured during the annealing of the sample. The temperature at the center of the substrate was ϳ50°C higher than at the edge ͑the distance between the center and edge is ϳ3 mm). This radial temperature difference on the sample surface indicates that the droplets moved toward the hotter region of the sample, and we have concluded that the temperature gradient of the substrate is responsible for the droplet migration.
To explore the motion of droplets on a Si surface free of Pt and without the effects of coalescence, an array of 10-nmthick Pt dots of 100 m in diameter with 500 m spacing was deposited on a Si ͑001͒ surface at room temperature. During annealing of the film at ϳ1080°C, various diameter droplets formed in the Pt dot region via droplet coalescence, and migration of larger droplets occurs as with the continuous films ͓Fig. 6͑a͔͒. Moreover, these droplets continued to migrate beyond the edge of the original dot and traveled over the Si surface regions that were free of Pt. Migration over the FIG. 4 . A time sequence of PEEM images of droplet migration on a Si surface during annealing at 1100°C for ͑a͒ 0 sec, ͑b͒ 15 sec, ͑c͒ 45 sec, and ͑d͒ 75 sec, respectively. The field of view for the images is 150 m, and images were excited with a Hg-discharge lamp.
FIG. 5. A series of PEEM images of liquid island migration on
Si surfaces during annealing at 1100°C for ͑a͒ 0 sec and ͑b͒ 20 sec, respectively. The time interval between ͑c͒ and ͑d͒ is 15 sec. The field of view for the images is 50 m and 150 m in ͑a͒,͑b͒ and ͑c͒,͑d͒, respectively. All images were obtained with the sample at 1100°C. The incident light is from a Hg-discharge lamp.
bare Si is not affected by coalescence with other islands and more clearly reflects the dynamics of the migration. For a more detailed measurement of the droplet velocity, the migration distance and diameter of each droplet were analyzed using single-frame images from the real-time videotape recording. An example of the velocity measurement is shown in Fig. 6͑b͒ . Each image was obtained 15 sec apart. As a droplet traversed the Si surface, the velocity of the droplet in each time separation remained essentially constant. The diameter and shape of the moving droplets also appears to remain constant.
Using the above method, the average migration velocity was measured at various annealing temperatures as a function of the droplet diameter. The quantitative results are summarized in Fig. 7 . The velocity is nearly independent of droplet diameter while at each temperature there is a slight tendency for the velocity to increase with droplet diameter in the measured range of 1.5-7.0 m. This relationship was observed very distinctly for the droplets in a large number of samples.
The results also seem to indicate a minimum diameter for the initial island migration. To observe the temperature of initial motion of a droplet, a sample was prepared with migrating micro droplets ͑at ϳ1100°C). The sample was then cooled to 1000°C, where all island migration ceased. As the temperature was increased, the temperature of initial migration of islands of different diameter was recorded. It was found that smaller islands required a higher temperature to initiate migration. For example, the migration of a ϳ2-m droplet was detected at 1085°C while a ϳ1.5-m droplet initiated migration at ϳ1200°C ͑Fig. 7͒.
C. Model for surface migration of the droplets
It is evident that the thermal gradient, "T around the droplet is responsible for the migration of the Pt-Si microdroplets. We consider various temperature-dependent effects that could contribute to the migration.
First, the "T could generate a variation in the surface tension ␥ of the liquid droplets. We note that the tangential component of the surface tension gradient of a liquid droplet gives rise to Marangoni flow, which drives the droplet toward the region of high surface tension. 9 For a Pt-Si alloy liquid, ␥ may be dependent on the concentration of Si in the droplet which will depend on the temperature. We can determine the sign of the temperature gradient of the surface tension, d␥/dTϭ(d␥/dC)(dC/dT) where C is the Si concentration in the Pt-Si liquid. Since d␥/dCϽ0 ͑Ref. 28͒ and dC/dTϾ0 ͑Ref. 7͒, then d␥/dT is negative. In other words, the increase of Si in the Pt-Si liquid with increasing temperature leads to a decrease in surface tension. Thus, the surface tension of the droplet would be lowest on the side of the droplet that is the hottest. As a result, the Pt-Si droplet would be expected to migrate toward the colder region-i.e., toward higher surface tension. This is contrary to our observation.
Second, a variation of the substrate surface and interface energies could be induced by "T. This capillary force can also drive the droplets toward the region of lower surface and interface energies. 10 To estimate the surface and interfacial energies of the droplet, the interface of the droplet and substrate was investigated by cross sectional SEM ͓Fig. 8͑a͔͒. The solidified island extends below the Si surface. The penetration depth of the island into the surface is 370 nm and the height of island above the surface is 290 nm. The degree of recession of the island into the substrate and the shape of the island are determined by the surface and interface energies, which can be determined by the contact angle of the island with the substrate ͓Fig. 8͑b͔͒ ͑Ref. 29͒. The contact angles at both the advancing and receding interfaces were determined from the SEM photographs. Then, using an analysis based on a liquid-liquid model, 29 the surface and interface energies were deduced from the surface tension balance equation. The results are summarized in Table I . It is noted that the velocity of the droplet driven by capillary force can be determined by the relationship
where Sϭ Si Ϫ( i ϩ PtSi ) and the z direction is from a cold to a hot region. 10 The S value at the edge of the cold interface is larger than at the hot interface and then dS/dT is positive. Thus, the droplet would be expected to migrate toward the cold region-i.e., toward a larger S value. This is also contrary to our observation.
Third, we consider the diffusion of Si into and out of the droplet. To be in chemical equilibrium at the liquid-solid interface, the Pt-Si droplet can dissolve Si atoms from or deposit Si to the substrate across the droplet-substrate interface. We note again that at higher temperatures the M -Si droplet will have an increased Si concentration. 7 Because of the temperature gradient, the Si equilibrium concentration in the droplet at the high-temperature interface front, C h , will be greater than that at the low-temperature interface front, C l . Consequently, a concentration gradient of Si, "C, is present in the liquid droplet. Through diffusion, the Si concentration in a droplet tends to a uniform value. As a result, supersaturation at the cold interface leads to deposition of Si onto the substrate while undersaturation of Si at the hot interface induces continuous dissolution of Si from the substrate. This process, which is shown schematically in Fig. 9 , would cause the droplet's apparent center of mass to move continuously toward the hotter region of the Si substrate. Apparently, ex situ AFM and SEM measurements of the sample shown in Fig. 6 indicated that the trace region behind the droplet is slightly higher than the surrounding regions ͑not shown͒. The nonplanar top surface in the Si trace region would be expected to be a recrystallized Si layer. However, crystal defects and epitaxial deposition of Si in the trace region were not investigated in this experiment.
Based on this "C of Si in the Pt-Si droplet, the rate of droplet migration will be dependent on the rate of Si diffusion through the droplet or the rates of Si dissolution from and deposition onto the substrate. To maintain the circular shape and size during migration, the deposition rate at the cold interface of the droplet must be nearly balanced by the dissolution rate at the hot interface of the droplet. This appears to be the case for Pt-Si droplet migration. Also, the constant shape of the moving droplet indicates that the rate of dissolution and deposition is higher than the rate of the Si diffusion through the droplet. Thus, we propose that the migration rate of the droplet is limited primarily by the Si diffusivity through the liquid.
Prior analysis of molten droplets in bulk systems has established that the variation in the droplet velocity with the droplets size is related to the material transport mechanism in the droplet. 11, 15 If the migration rate is limited by the interface reactions ͑such as dissolution and deposition͒, then the migration velocity will vary with droplet size (d), V ϰ f (T)d n . In contrast, if the volume diffusion through the droplet is the limiting mechanism of the migration, then the migration rate should be independent of droplet size, V ϰ f (T) ͑Ref. 15͒. This appears to be the case for the Pt-Si alloy droplets where the Si diffusion through the droplet should be the primary rate-determining step.
As the annealing temperature is increased, the average velocity of the droplet increases rapidly ͑Fig. 7͒. Assuming that the Si diffusion in the liquid droplet is the rate-limiting step, an equation for the droplet velocity can be derived from 
where D is the diffusivity of Si through the liquid droplet, X is the Si atomic fraction in the liquid, dX/dT is the atomic fraction change with respect to temperature ͑inverse liquidus slope͒, and "T is the temperature gradient of the substrate. The variables X, dX/dT, and D are temperature dependent.
To investigate the dominant factor affecting the increased velocity of Pt-Si droplets with increasing temperature, we adopted the above velocity equation and estimated the variation for each factor. Although the velocity equation was deduced for the migration of a three-dimensional droplet in a three-dimensional ͑3D͒ solid, the expression is not dependent on shape. This expression should describe the surface migration of the Pt-Si liquid droplets, since the droplets penetrate into the substrate and have significant 3D character and the temperature gradient is predominantly along the surface. In our analysis the variables X and dX/dT were obtained from the liquidus curve of the Pt-Si binary phase diagram, and D was calculated from the above velocity equation. The results are summarized in Table II . The dominant factor is (dX/dT)"T, which is attributed to the concentration gradient in the liquid droplet. As the temperature increases, the dissolution of Si near the hot interface increases significantly, and the concentration gradient in the droplet would be likewise increased, which would enhance the Si transport rate. Thus, within this model the increase in droplet velocity with increasing temperature would be due to the enhancement of dissolution at the hot interface.
In general, diffusivity is dependent upon temperature, D ϭD 0 exp(ϪQ/kT), where Q is the activation energy, k is Boltzmann's constant, and D 0 is the preexponential factor, respectively. The activation energy can be obtained from the slope of the Arrhenius plot of ln(D) versus 1/T using the equation QϭϪk ‫ץ͓‬ ln D/‫/1(ץ‬T)͔ . For the Pt-Si liquid droplets, the plot of ln(D) versus 1/T ͑Fig. 10͒ was obtained using the values of Table II . The slope of the plot obtained with curve fitting indicates an activation energy of ϳ0.57 Ϯ0.06 eV. This value is closer to that for diffusion of most liquid metals ͑0.1-0.4 eV͒ ͑Ref. 30͒ but less than that of solids ͑1-6 eV͒ ͑Ref. 31͒. In addition, the derived preexponential factor D 0 for the Pt-Si system is (5.49Ϯ0.17) ϫ10 Ϫ2 cm 2 /sec, which is between that in liquid metal (10 Ϫ3 -10 Ϫ4 cm 2 /sec) ͑Ref. 30͒ and in solids (0.1-1 cm 2 /sec) ͑Ref. 31͒. This result implies that the activation energy required for diffusion of Si in our Pt-Si system is near that in a liquid-metal system and is lower than in solids.
One aspect of the experiment that cannot be readily explained with this model is the observed temperature and size dependence of the initial motion of the microdroplets. Within the model the droplet motion is determined by the interface reactions and the bulk diffusion. We would speculate that the size dependence of the initial migration may be related to the role of the interface reactions where these effects would become significantly for smaller dimensions and lower temperatures.
IV. SUMMARY
In this study, we have used real-time PEEM to observe the nucleation and migration of Pt-Si liquid droplets. The microdroplets were formed below the melting temperature of PtSi and were determined to be a Si-rich Pt-Si alloy. Characteristic of liquid droplets, the islands grew through coalescence. The droplets moved from cold to hot regions on the surface following the temperature gradient of the substrate. We proposed that the migration of the droplets is a due to dissolution-diffusion-deposition flow of Si through the drop- let produced by the thermal gradient. In addition, we found that the migration rate of the Pt-Si droplet is independent of the droplet diameter, and we deduced that Si diffusion is the primary factor which determines the migration rate of the Pt-Si droplets. The activation energy for diffusion of Si in the droplet was found to be ϳ0.57 eV. It is concluded that droplet migration at elevated temperature may be a general phenomenon for all M -Si eutectic systems and that the thermal and chemical stability at the interface of M -Si droplets on Si surfaces plays a significant role in the surface evolution of droplets.
